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Abstract
Interest in the W & V-bands of the radio frequency (RF) spectrum has become
steadily more desirable for system designers due to the ever increasing need for
greater communication bandwidths and higher data rates. The 40 GHZ to 110 GHz
range that constitutes the W & V-bands provide a unique solution to both of these
current demands by providing a bandwidth nearly double that of all current RF
frequencies in use. To date, this range has only been used for point to point
satellite and short link communications meaning these bands have remained
largely unexplored and undeveloped.
To capitalize on the untapped benefits of these bands, research must be
conducted into the nature of propagation and the effects the atmosphere imbues
upon it in the form of attenuation and depolarization at such frequencies. To
conduct this research and model these effects, the W & V-band Terrestrial Link
Experiment (WTLE) experiment has been implemented. This experiment consists
of two continuous wave beacon lens antennas located on the crest of the Sandia
Mountains in Albuquerque, New Mexico. The V-band transmitter operates at a
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frequency of 72 GHz with a half power beam width (HPBW) of 3 degrees, a
directivity of 35 dBi, and an estimated radiated isotropic power of 40 dBm. The
Receiver is located 24 km away from the transmitter on the roof of the COSMIAC
research center in Albuquerque, NM, and consists of two 0.5 m Cassegrain
Reflectors that observe both co- and cross-polarization. In addition to the
antennas, disdrometers and weather stations are located at both the receiver and
transmitter locations. These stations provide atmospheric and precipitation data.
Using the received power and collected atmospheric data at both locations, the
atmospheric properties’ profiles along the radio path are constructed using
interpolation and variation statistics between the two sites. With these profiles the
attenuation due to dry air gases and the liquid water content through any present
cloud can be calculated, and these two parameters allow the absorption of
millimeter waves by atmospheric clouds in mountain conditions to be
approximated. From the data recorded, the results of the effects clouds have along
the propagation path on attenuation will be presented. Using the atmospheric data,
a method for calculating the presence of a cloud will be presented and compared
with currently utilized methods. From the presence of a cloud, the amount of water
within the cloud will be calculated, and the attenuation that water along with
atmospheric gases produces will be shown. The results will then be validated
against recorded power data.
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Introduction
Validation and refinement of atmospheric propagation models in the W&V bands
have become an increasingly important subject of communications research.
Interest in radio frequency (RF) links that employ the millimeter wavelength region
of the spectrum continues to grow. The effects of molecular gas resonances and
hydrosols become very pronounced due to the short wavelength in these bands.
In this work, attenuation modeling results at 72 GHz, are compared with
experimental data from the ongoing W&V-band Terrestrial Link Experiment
(WTLE) in Albuquerque, New Mexico. Supplementary weather sensors are used
in conjunction with the WTLE data to examine the validity of currently in use
atmospheric propagation models and cloud density models used to calculate
attenuation. The most prevalent of these models being: MPM (Millimeter Wave
Propagation Model), ITU Attenuation, and the Decker and Salonen models for
cloud effects.
Attenuation from atmospheric propagation presents a significant concern to the
development of high frequency communication systems.

Absorption due to

airborne oxygen, water vapor, and hydrosols is significant for W and V bands (40
GHz to 110GHz). The goal of this study is to present a novel method for calculating
LWC (liquid water content) for terrestrial RF (Radio Frequency) propagation paths,
that do not require the use of specialized and expensive profiling equipment such
as radiometers, and to validate atmospheric attenuation models for gaseous
attenuation and liquid water based clouds for links operating in the V-band of the
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RF spectrum. The W&V-band Terrestrial Link Experiment (WTLE) has been
operating since 2016 to study propagation in these bands, and presents a unique
set of challenges and opportunities for understanding cloud effects on propagation.
WTLE is a 24 km link in Albuquerque, NM with a transmitter (Tx) on the Sandia
peak (3.2 km above sea level) and a receiver (Rx) on the roof of the University of
New Mexico’s COSMIAC research center building (1.6 km above sea level). The
length of the link to the nearby Sandia Peak allows for a low slant angle of 4.16°.
The transmitter provides two circularly polarized beacon signals at 72 and 84 GHz.
The WTLE receivers are capable of recording received power, link depolarization,
and relative phase of the W&V band signals.
Additional sensors along the link gather meteorological information. The recorded
data is parsed into clear days and cloudy days. The effects of gaseous absorption
for a clear day can be calculated using the ITU-R P.676 model which is a refined
version of earlier millimeter wave propagation models. The height of the base of
clouds along the propagation path can be calculated using the temperature and
dew point measured from the collected meteorological data. Thus, the length of
the path within the cloud can be calculated. Next, using one of the LWC (liquid
water content) prediction models, an estimate of the LWC can be calculated. The
attenuation due to clouds can be evaluated by feeding the LWC and other local
weather conditions into the ITU-R P.840-7 model.
The total attenuation due to dry clear atmosphere is calculated using the ITURecommendation Attenuation by Atmospheric Gases. This model calculates the
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specific attenuation up to a 1000 GHz due to oxygen and water vapor. Refer to
Chapter 2 section 2 for more detailed derivation of the index of refraction.
The ITU-R 676 Specific Attenuation model accepts as inputs the temperature (K),
pressure (hPa), and water vapor density g/𝑚3 , returning the output 𝛾𝑔 dB/km. The
heart of this model is a macroscopic measure of the interactions between the
radiation and absorbers expressed as the complex refractivity in N units (i.e. ppm,
parts per million) [3]. The refractivity consists of three terms, two real and one
imaginary.

Only the

imaginary

term

α

(dB/km), which

is related

to

absorption/attenuation, will be considered in the analysis described hence forth.
Gaseous attenuation is calculated using equation i.1, where α is referred to as 𝛾𝑔 .
This value is obtained by summing together the spectral lines (strength and width)
of 𝑂2 and water vapor plus a term accounting for Doppler broadening due to
Nitrogen resonances at higher frequencies. This leads to:
𝛼 = 𝛾𝑔 = 𝛾0 + 𝛾𝑤 = 0.1820𝑓𝑁 ′′ (𝑓) = ∑𝑖 𝑆𝑖 𝐹𝑖 + 𝑁𝐷′′ (𝑓)

(i.1)

𝐴𝑔𝑎𝑠 = 𝛼 𝑟0 / sin 𝜃

(i.2)

The total slant path attenuation, 𝐴𝑔𝑎𝑠 dB, is simply the sum of α at each point along
the path, multiplied by the length of the path 𝑟0 and divided by the sine of the slant
angle θ.
The validation of these models is performed by comparing the attenuation results
with the received power values plus the gain and loss contributions of WTLE. The
contributions from the Link are calculated by summing together the free space loss,
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radiated power, various gains, and total attenuation from both gaseous absorption
and cloud attenuation.
𝐿𝐹𝑆 (𝑑𝐵) + 𝐺𝑟 (𝑑𝐵) + 𝐸𝐼𝑅𝑃(𝑑𝐵) + 𝐺𝑅𝑥 (𝑑𝐵) + 𝐴𝑔𝑎𝑠 (𝑑𝐵) + 𝐴𝑐𝑙𝑜𝑢𝑑 (𝑑𝐵) = 𝑃𝑒𝑠𝑡
(i.3)
The above equation estimates the received power by incorporating the link budget
of WTLE, which includes: the free space loss 𝐿𝐹𝑆 , the receiving antenna gain 𝐺𝑟 ,
the estimated isotropic radiated power (EIRP), the receiver’s amplifiers gains 𝐺𝑅𝑥 ,
and the total slant path attenuation due to gaseous absorption 𝐴𝑔𝑎𝑠 and clouds
𝐴𝑐𝑙𝑜𝑢𝑑 . The gains and free space loss are dependent on the link geometry and the
physical design of the RF components.
Calculating the attenuation due to clouds is difficult due to the inhomogeneity and
the dynamic shifts in liquid water content (LWC) of the clouds themselves. The
ITU-R P.840 model calculates the attenuation, 𝛾𝑐 by finding the complex dielectric
constants of vapor/small water droplets for a given temperature and then multiplies
it by LWC. This calculation is highly dependent on the LWC of the cloud or fog.
The value varies greatly and is difficult to calculate off zenith paths. A good
estimation can be found by using the Salonen model, which estimates the LWC
given the approximate difference in pressure between the ground and cloud, and
the difference between critical humidity (𝑅𝐻𝑐 ) and the RH at the path level.
𝛾𝑐 (𝑓, 𝑇) = 𝑘𝑙 (𝑓, 𝑇) ⋅ 𝐿𝑊𝐶
ℎ

𝑎

𝐿𝑊𝐶 = 𝑤0 (1 + 𝑐𝑡) (ℎ𝑐 ) 𝑝𝑤 (𝑡)
𝑟

(i.4)

(i.5)
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The 𝑘𝑙 term is defined as cloud liquid water specific attenuation coefficient. The
LWC models being implemented were formulated for radio paths separated from
relative low altitude terrain, and they do not account for predicting cloud presence
near the ground as in mountainous terrain like the transmitter site for the WTLE
link. To account for this, the method in which these models are applied has to be
revised. This is further elaborated on in chapter 4. Detailed derivations and the
comparison of results obtained from the LWC prediction models will be presented
in chapters 5. Along with validating these models recommendations for adapting
them to mountainous terrain and refining LWC predictions are discussed in
subsequent chapters.
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Chapter 1: Introduction to RF Propagation and Isolating the
Effects of Clouds
The ever-increasing band width demands for both terrestrial and in flight platforms
has led to a rush on what little of the currently used RF (radio frequency) spectrum
is available. The international governmental allocations of the RF spectrum in all
three of the regulatory regions into ever more crowded sub-divisions designated
for specific uses does not help this increasing demand. These constrictions on
available bandwidths have led system designers to look at the upper regions of the
spectrum for the freedom and space to develop their ideas. However, this desire
to enter the unknown portion of the spectrum calls for an understanding of the
impediments intrinsic to operating at higher frequencies such as those imposed by
atmospheric effects.
The W & V band subdivision of the extremely high frequency (EHF) band, which
ranges from 30 – 300 GHz, 0.01 m to 0.001, or 10 mm to 1 mm wavelengths,
delivers an untapped frontier by providing nearly double the available bandwidth
of all lower bands combined as well as having few regulations. The W&V bands,
which are defined by the Institute of Electrical and Electronics Engineers (IEEE)
as the frequency range from 40-110 GHz are largely unexplored. Only the lower
end of the V band is isolated for specific uses with the 40-50 GHz range used for
satellite communications [FCC]. As of now these bands have been used only for
point to point satellite communications pertaining to highly specified tasks.
Research into antenna development, oscillator design, and atmospheric
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propagation studies at the W&V bands are still in their infancy and require further
studies to cultivate viable solutions.
The combined legal and technical advantages of the W&V bands have led to
significant interest in the development of RF applications aimed toward achieving
higher data transmission capacity for satellite communications. Before this can be
achieved, the effects of the atmosphere on propagation must be understood so
that physical models can be developed to improve predictions of atmospheric
attenuation from meteorological phenomena. This will then provide a test bed for
the RF propagation measurement instruments and techniques which will allow for
the development of the aforementioned RF applications. Of particular interest to
the RF and communication communities, because of the commercial and technical
advantages presented in this bandwidth, are the effects precipitation and clouds
will

have

on

propagation

links

operating

within

this

range.

Figure 1: The opacity of Earth’s atmosphere versus wavelength and the windows in which RF communications
experience the least amount of attenuation [1].
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Models have been developed by the Air Force Research Laboratory (AFRL) in
conjuncture with NASA to predict rain attenuation using MIE scattering [Nick’s
Dissertation], but the properties of snow and clouds have not yet been explored.
Within the Earth’s atmosphere the effects of ephemeral clouds on millimeter
wavelength RF propagations is poorly understood and few empirical equations
exists that describe them. This study is a crucial step to more reliable
communication systems utilizing the V-band of the RF spectrum, specifically at 72
GHz.
“Microwave propagation effects cannot be quantified in any exact or rigorous
sense but can only be described in terms of their statistics” [2]. These statistics in
the case of atmospheric propagation measurements are the transmitted and
received power levels along with whatever meteorological conditions are present
within the region through which the waves travel. Whichever meteorological
phenomena is being modeled, the power received suffers two forms of
degradations, fading and scintillation. Fading, the term which describes long term
fluctuations in signal strength, is usually attributed to precipitation, and clouds
whereas scintillation, the term which describes short term rapid fluctuations in
signal strength, is usually, attributed to thermal turbulence and noise. Furthermore,
there are factors that attribute to these forms of power degradation which must be
understood before they can be analyzed.

These factors include attenuation,

depolarization, and phase shifts within the propagating electromagnetic waves. An
understanding of these factors which play a role in the degradation of the
electromagnetic propagation will allow the current conditions within the channel of
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propagation to be mapped with the observed losses from the transmitted power
to the received power.
Millimeter wave propagations through the atmosphere are best modeled by the
statistics of received power versus transmitted power. When considering millimeter
wave propagation links, it is essential to consider the effects the troposphere has
on the propagating waves. Primarily the effects of rain fade and cloud absorption
and scattering, which are present in varying quantities all over the planet, as well
as gaseous absorption which is always present. Gaseous absorption is well
described by the International Telecommunications Union (ITU) model and its
prediction is verified against gathered clear day data from the WTLE experiment.
These results are detailed in the gaseous absorption section listed in chapter 2.
The effects of rain fade have been modeled using Mie scattering and NEXRAD
radar data to predict rain cell location and rain rate along the propagation path [3].
Rayleigh scattering and the dielectric properties of water are two factors that
describe absorption and scattering which are the negative effects of clouds on the
RF wave propagation. While these factors are known, with scattering being the
weaker of the two contributing factors for lower frequencies, models at the
millimeter wave range, as mentioned above, are poorly understood [2].
Precipitation effects are known to be the primary impairment for millimeter signals
propagating through the atmosphere. However, clouds introduce deep fades in
received power levels which cause measurable attenuation that cannot be ignored.
Attenuation due to clouds is a complex function of particle size distribution, density,
temperature index of refraction of air born water, wavelength of the signal and the
9

foot print of the cloud itself which is expounded upon in Rayleigh Scattering and
the dielectric properties of water. The calculation of the attenuation introduced by
clouds is proportional to the amount of liquid water present in the cloud along the
path. Thus, meaning the factors that contribute to the LWC (Liquid Water Content),
must be accounted for and predicted accurately if the attenuation of the cloud is to
be correctly predicted.

1.1 Fundamentals of Wave Propagation
“An electromagnetic wave is defined as the synchronous oscillations of the electric
and magnetic fields through a medium, with the fields and the propagation direction
perpendicular to each other” [4]. A specially varying electric field is always
associated with a magnetic field that varies over time and vice versa. A change in
one affects an accompanied change in the other. Together these fields form a
propagating wave front which carries energy through a medium. It is the ability of
electromagnetic waves to carry energy through any medium that has made them
ubiquitous in wireless communications and has revolutionized the world from the
first radios to the newest smartphones. Any electromagnetic wave is described by
the direction it propagates in, its wavelength or frequency, and the medium it
propagates through. To understand the following attenuation models and
experiments presented subsequently in this work, a general review of wave theory
is necessary, beginning with the relation of frequency to wavelength as given in
equation (1.1).
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̅∗
𝑆̅ = 𝐸̅ 𝑥 𝐻

(1.1)

This equation demonstrates power density as the cross product of both time and
spatially varying electric and magnetic fields. The frequency of a wave is related
to the wavelength of the same wave through the speed of light constant 𝑐 =
3.0 × 108 (𝑚⁄𝑠).
𝑐

𝑓 = 𝜆 (1.2)
Beginning with a one-dimensional electric field and magnetic field shown in
equations 1.3 and 1.4 respectively, the power density is equated using equation
1.1. Integrating this value over an area the power transmitted through that area is
given by equation 1.7.
𝐸̅ = 𝑎̂𝑥 𝐸0 ⅇ −𝑗𝑘0𝑧

̅ = 𝑎̂𝑦 1 𝐸0 ⅇ −𝑗𝑘𝑜 𝑧
𝐻
𝜂

(1.3)

0

(1.4)

2

|𝐸 |
𝑆̅ = 𝐸̅ × ̅̅
𝐻̅̅∗ = 𝑎̂𝑧 𝜂0 (𝑊𝑎𝑡𝑡𝑠⁄𝑚2 ) (1.5)
0

𝐸(𝑘, 𝑅) = 𝐸0

𝑒 𝛾𝑅
𝛾𝑅

, 𝛾 = 𝑎 + 𝑗𝛽

(1.6)

The propagation constant 𝛾 is defined as the combination of the attenuation
constant α and phase constant β. The absolute power that passes through any
surface is given in equation 1.7. Using equations 1 through 7 any plane wave can
be fully described and by expansion through further analysis any electromagnetic
wave can be described mathematically [4].
𝑒 𝛾𝑅

2

𝑃 = |𝐸|2 = | 𝛾𝑅 | (Watts)

(1.7)

11

1.2 Antenna Fundamentals
Knowing what an electromagnetic wave is only half of the puzzle when studying
RF propagation. To completely understand this an RF engineer must also study
the sources of the waves and the sensory elements used to measure them, which
is done using antennas. An antenna is a means for emitting and receiving
electromagnetic radiation. Antennas emit electromagnetic radiation which is highly
dependent on the distance from the antenna at which the radiation is received or
observed. The waves emitted become stabilized and consistent at the far field
distance. The far field distance from the antenna is given by 𝑅𝑓𝑓 =

2𝐷 2
𝜆

(m), with D

being the maximum dimension of the antenna and λ is the wavelength at which the
antenna operates [5]. For our operational frequency of 72 GHz, the far field begins
at 4.08 m away from the transmitting antenna.
Antennas are everywhere and a crude understanding of their fundamentals is
needed to understand the WTLE experiment’s design choices and how the
transmitted electromagnetic fields through the atmosphere are both put there and
extracted.
Referring to Maxwell’s equations (Appendix I), the sources of electric current or
magnetic current are the radiating elements of any antenna. Through the use of a
time varying current or voltage, excite electric/magnetic fields. These fields when
near the source exhibit a complicated relationship making prediction and
measurement difficult. This region is defined as the Fresnel or near field region
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and a can be neglected when designing communication systems as it occupies the
space immediately surrounding the antenna and exhibits reactive properties.
The region of greatest importance to communication links is the Far field or
2

Fraunhofer region, which begins at any distance further than 2𝐷 ⁄𝜆 away from the
antenna and is defined as “the region of the field of an antenna where the angular
field distribution is essentially independent of the distance from the antenna” [5].
In this region the reactive components of the electric and magnetic fields have
negligible contributions and the power density of the propagating wave front can
be easily predicted and measured. It is here this region that the most fundamental
antenna parameters are defined and observed.
1.2.1 Radiation Pattern
The radiation pattern, which is the most well-known parameter, is defined as: “a
mathematical or a graphical representation of the radiation properties of the
antenna as a function of space coordinates. In most cases, the radiation pattern is
determined in the far field region and is represented as a function of the directional
coordinates. Radiation properties include power flux density, radiation intensity,
field strength, directivity, phase, or polarization” [5].
Radiation patterns are used to express E&H fields and power patterns. Their
values are typically normalized with respect to their maximum value and plotted on
a logarithmic scale. Power patterns represent the magnitude of the electric or
magnetic field in decibels (dB) as a function of the angular space for variations in
the θ-component of spherical coordinates.
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In general, a radiation pattern is described graphically by the various lobes that
appear on the plotted radiation pattern. These lobes are classified based on their
strength, significance and position. The lobe with the majority of the power located
at θ = 0 degrees is labeled the main lobe and additionally for highly directional
antennas, this lobe is located down bore sight. The lobe shifted 180 degrees from
the main lobe is designated the back lobe and any other lobes are called side
lobes.
1.2.2 Beamwidth & Beam Spreading
The next parameter to consider is the half power beam width, which is the angular
span between the -3 dB points on the main lobe. The beamwidth of a radiation
pattern is defined as “the angular separation between two identical points on
opposite side of the pattern maximum” [5]. Within any antenna radiation pattern,
there exists multiple beamwidths with the most useful ones being the half power
beamwidth (HPBW) and the (FNBW) first null beamwidth. The HPBW is defined
by the IEEE as “in a plane containing the direction of the maximum of a beam, the
angle between the two directions in which the radiation intensity is one-half the
value of the beam” [5]. The FNBW is the angular separation between the first two
nulls on either side of the main beam.
The beam spreads as the distance from the transmitter increases and the intensity
of the radiation is spread over a greater area as a consequence. The greater the
distance from the transmitting antenna, the more the radiated power is spread over
a greater region, meaning the power density decreases. This phenomenon is
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referred to as beam spreading and is one of the primary factors attributed to
spreading loss more commonly called free space loss [6].
1.2.3 Polarization
Polarization is the orientation of the electric field vector, which may be in a fixed
direction or may change with time. Radio-waves that are used in communications
systems are transmitted and received with a preferred polarization orientation.
There are two major classes of polarization; linear and circular, which are the two
extremes of elliptical polarization.
Elliptical polarization can be resolved into two orthogonal circular polarizations:
left-hand circular EL, and right hand circular, ER (where E represents the electric
field amplitude). The ellipticity, r, or as it is sometimes called in the case of
𝑎

antennas, the axial ratio, is defined as: 𝑟 = 𝑏 =

𝐸𝐿 +𝐸𝑅
𝐸𝐿 −𝐸𝑅

, where 2a and 2b are the

major and minor axis of the polarization ellipse. In decibels, this is expressed as:
𝑅 (𝑑𝐵) = 10 log10 (|𝑟|)2 .

The ratio between the voltage amplitudes in the two

polarizations, ρ, when referenced to the amplitude in the left-hand polarization, is
𝐸

given by: 𝜌 = 𝐸 𝐿 [5].
𝑅

In a practical system, no polarization is ever absolutely pure. There will always be
residual amplitude in the opposite polarization sense. A measure of the purity of
the polarization is the cross-polarization discrimination, or XPD, given as:
𝑋𝑃𝐷 (𝑑𝐵) = 10 log10 (|𝜌|)2.
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Propagation impairments on linear polarizations are generally less severe than on
circular polarization. Linearly polarized antenna feeds are also simpler to construct
than circularly polarized feeds and hence less expensive. However, if the
propagation medium causes a significant rotation of the E vector on transmission,
a circularly polarized system is to be preferred. Similarly, the axial symmetry of a
circularly polarized antenna reduces the rotational alignment problems that are
inherent in linearly polarized systems [5].
1.2.4 Gain & EIRP
A very useful figure of merit when characterizing an antenna or any RF system is
the gain, which is defined as: “the ratio of the intensity, in a given direction, to the
radiation intensity that would be obtained if the power accepted by the antenna
were radiated isotopically. The radiation intensity corresponding to the isotopically
radiated power is equal to the power accepted by the antenna divided by 4π” [5].
When not in reference to an antenna the gain of an RF device is equivalent to that
of an electric amplifier. Simply put, it is the amount of increase in signal amplitude
a device imparts on its incoming signal.
The estimated isotropic radiated power (EIRP) by the transmitter is a measure of
the quantity of power pushed from the transmitter to the transmitting antenna.
Adding the dB values of the power the transmitter pushes and the gain of the
transmitting antenna together gives the power being sent through the link.
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1.3 WTLE Experiment
To explore the effects various weather phenomena, have on millimeter wave
propagations within the W & V bands, the W & V-band Terrestrial Link Experiment
(WTLE) link has been implemented. The link is approximately 24 km long within
the city of Albuquerque, New Mexico that rests between the crest of the Sandia
mountains and the roof of the COSMIAC research center near the Albuquerque
International Airport. The transmitter is located on the mountain and consists of
two Gaussian lens antennas designed by the company Quinstar and operating at
84 GHz (W-band) and 72 GHz (V-band). On the roof of the COSMIAC building are
the two receiving antennas, which are two 1.4 m diameter Cassegrain reflector
antennas also operating at 84 and 72 GHz. In addition to the antennas, both
locations have weather stations and disdrometers. These weather stations consist
of a thermometer, barometer, humidity sensor, wind speed and direction monitors,
as well as a rain bucket, which records the total rainfall over a given period. The
disdrometer records the type, amount, and size of falling hydrosols ranging from
light rain to heavy hail. These suites of sensors provide a complete description of
the weather occurring at both the transmitter and receiver sites [7].
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Figure 2: The WTLE Tx with the antennas alone shown on the left, and with the weather station and rain-dome
shown on the right. The picture on the right displays the current setup of the transmitter site [3].

The receiving antennas have designated receiving architectures that utilize a two
stage down conversion process to bring the extremely high frequency radiated
waves down to an intermediary frequency of 𝑓𝐼𝐹 for sampling by the ADC (Analog
to Digital Converter). The sampled power is then recorded in an HDF5
(Hierarchical Data Format 5) file along with the corresponding time stamp taken
every 10𝑡ℎ of a second or at a 10 Hz sampling rate. The value that is recorded
contains all the amplification and gains introduced by the antenna and low noise
amplifiers (LNA) within the receiver itself. A more detailed description of the
parameters involved in the WTLE experiment will be provided in chapter 3 and for
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further interest into the setup and manufacturing of the experiment refer to
Appendix II.

Figure 3: The WTLE receiver site on the COSMIAC roof, with the two antennas show on either side of the
deck platform [3].

1.4 Closing Remarks
It is the purpose of this work to reveal the theoretical methodology and
experimental verification behind the calculation of attenuation due to clouds
through the use of strict link budget and a novel method for estimating the liquid
water content of clouds present along a radio wave communication path. The
theoretical development of a methodology to predict atmospheric attenuation is
presented in Chapter 2 along with the interactions RF waves have with the
components of the atmosphere. The basics of the physics involved in cloud
formation will be covered along with their contributions to understanding the
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attenuation they cause. In Chapter 3 the concept of the link budget will be
discussed along with the tabulated link budget for the WTLE experiment. Lastly,
Chapters 4 and 5 will discuss the attenuation models and LWC calculation
methods.

20

Chapter 2: The Effects of the Atmosphere on Millimeter Waves

Atmospheric propagation limitations dominate most considerations in the
advancement of millimeter wave applications [8]. Many communication systems
rely on RF propagation through the Earth’s atmosphere and thus the effects of the
atmospheric medium must be modeled for accurate prediction of propagation. An
atmosphere is described as a layer of gases surrounding any planetary body or
object of significant mass. For the purposes of RF radiation, the atmosphere can
be divided into three primary regions: the troposphere (0 ~ 10 km above sea level),
the stratosphere (10 ~ 50 km), and the ionosphere (50 ~ 100 km). The troposphere
is the most important layer when considering atmospheric effects. This first 10 km
is the densest and contains nearly 75% of all atmospheric gases and 99% of all
airborne water vapor. This layer is also home to all meteorological activity [9].
The components of the Earth’s atmosphere present a unique set of challenges
when designing millimeter wavelength communication links. These challenges
stem from the attenuation effects that the constituent gases impose on the
propagating

electromagnetic

waves

and

the

additional

scattering

and

depolarization that precipitation and cloud events introduce.
When considering only clear days with no weather events, attenuation/absorption
need be the only effect considered. Scattering by the constituent gases is
negligible because in gaseous form these substances are so sparsely
concentrated that all dispersions and recombination of the waves result in a net
sum of nearly zero loss from scattering effects [2].
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The atmosphere is composed of ~78% Nitrogen (N), ~21% Oxygen (𝑂2 ), with the
remaining 1% composed primarily of Argon (Ar), Carbon Dioxide (𝐶𝑂2), Water
Vapor (𝐻2 𝑂), and other trace gases. Oxygen introduces attenuation due to
molecular resonances primarily from 50 GHz to 69 GHz and at sporadic intervals
beyond 118 GHz. Water vapor induces attenuation throughout the entire spectrum
from 20 GHz to 1800 GHz. Nitrogen, the most prevalent gas in the atmosphere,
contributes little in the form of attenuation other than a minimal amount of doppler
spreading accounted for by the Double Debye model above 120 GHz.

The

potency of the effect these gases have on absorption depends on the frequency
at which the propagating RF wave operates and the thermal and bariatric
conditions under which the gases are subject to. The density of the water vapor
within the parcel of atmosphere under consideration, shapes the ability of the
atmosphere to attenuate radiation [2].
These effects must be captured through the use of a model that encompasses the
broadest account of the phenomena previously described. The atmospheric
medium through which the millimeter waves travel is describable by the
measurable quantities of temperature, pressure, and humidity for which their
spatial and temporal statistics are assumed to be available.
To model the previously mentioned factors that contribute to millimeter wave
propagation power loss, it is necessary to review microwave propagation theory.
We’ll begin with the propagation constant. Referring to equation (2.1), the
propagation constant is given by 𝛾. This constant appears in every wave equation
in one form or another and describes propagation through a lossy media. A lossy
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media, such as the earth’s atmosphere, is a material that absorbs and scatters
electromagnetic waves through absorption and phase shifting [6]. In order to relate
the complex propagation constant to the index of refraction as presented by Liebe
et al for the absorption effects of oxygen 𝑂2 and air born water vapor 𝐻2 𝑂, a further
review of mathematics is needed.
The propagation constant is defined as the combination of the attenuation constant
and phase constant.
𝛾 = 𝑎 + 𝑗𝛽

(2.1)

The attenuation constant in a lossy media is given by equation (2.2) and the phase
constant is given by equation (2.3) [6].
1⁄
2
1

𝜎

2

𝛼 = 𝜔√𝜇𝜀 ((2 √1 + (𝜔𝜀) − 1))

(2.2)

1⁄
2
1

𝜎

2

𝛽 = 𝜔√𝜇𝜀 ((2 √1 + (𝜔𝜀) + 1))

(2.3)

With the attenuation and phase constants known it is now possible to derive the
index of refraction for the atmosphere. The index of refraction for any general
material is a measure of the bending of a ray of light, or any EM wave, when
passing from one medium into another. It is derived by first setting the conductivity
to zero 𝜎 = 0. In doing so, the medium in question is assumed to be nonconductive, simplifying the lossy equations for attenuation and phase to 𝛼 = 0 and
𝛽 = 𝜔√𝜇𝜀 which leads to 𝛾 = 𝑗𝛽 = 𝑗𝜔√𝜇𝜀.
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Attenuation in the general sense is caused by the interaction of the propagating
wave with a dielectric material whose dielectric constant, 𝜀 = 𝜀𝑟 𝜀0 = 𝜀 ′ + 𝑗𝜀 ′′ . This
constant consists of two parts, the real term and the complex term. 𝜀 ′ , referred to
as the real term, corresponds to energy losses in the form of heat transfer to the
dielectric material through which the electromagnetic wave passes through. The
complex term 𝑗𝜀 ′′ , refers to imbued momentum transferred to the material [4].
The dielectric constant is equivalent to the complex index of refraction which is
related to the attenuation and phase constants through the following derivation. It
is assumed that the permeability constant 𝜇𝑟 is equal to 1 for a non-magnetic
medium such as the Earth’s atmosphere.
′
′′
−6 ′
−6 ′′
√𝜀𝑟 𝜇𝑟 = 𝑛 = 𝑛 − 𝑗𝑛 = 1 + 10 𝑁 − 𝑗10 𝑁 (2.5)
𝜔

𝛾 = 𝑗 𝑐 √𝜀
𝛼=
𝛽=

𝜔
𝑐
𝜔
𝑐

(2.6)

1.0−6 𝑁 ′′

(2.7)

(1 + 10−6 𝑁 ′ ) (2.8)

It is important to note is that in radiometry and atmospheric propagation
experiments, the extinction or absorption constant is used in place of the
2𝜋

attenuation constant. The conversion from α to 𝑘𝑎 is done by noticing 3⋅108 ⋅ 10−6 =
0.182, plugging this value back into equation 2.7, and setting it equal to 𝑘𝑎 . The
absorption constant is necessary for the specific attenuation calculation presented
by Liebe et al. for both gaseous and cloud attenuation. It is given by equation (2.9)
with its constituent parts shown in equation (2.10).
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𝑘𝑎 = 0.182𝑓𝑁 ′′

(2.9)

𝑘𝑎 = 𝑘𝑔 = 𝑘02 + 𝑘𝐻2 0

(2.10)

The microwave propagation theory and the above mathematics which compose it,
lays the foundation for all the attenuation models explored throughout this work.
2.1 Gaseous Attenuation
The most widely used and accepted of the attenuation models is the ITURecommendation

Absorption

by

Atmospheric

Gases,

which

is

based

predominantly on the work on Hans J. Liebe et al. This model closely calculates
the specific attenuation up to 1000 GHz due to dry air and water vapor. The
outlined algorithm accepts as inputs temperature (K), Pressure (hPa), and water
vapor density g/𝑚3 , returning the output 𝛾 dB/km [10]. The output 𝛾 is equivalent
to the extinction coefficient value in equation 2.9.
The attenuation from these effects are calculated using the ITU-R 676 Specific
Attenuation model that entails a line by line calculation summing together the
spectral lines of 𝑂2 and water vapor (their strength and width), plus a term
accounting for Doppler broadening due to Nitrogen resonances at higher
frequencies.
The heart of this model is a macroscopic measure of the interactions between
radiation and absorbers expressed as the complex refractivity [2]. The refractivity
consists of three terms two real and one imaginary as seen in equation (2.11). In
radio engineering it is customary to express the imaginary term as the attenuation
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constant alpha α and the real term as the phase delay beta β. Only the attenuation
constant will be considered in the analysis described henceforth.
𝑁(𝑓) = 𝑁0 + 𝑁 ′ (𝑓) + 𝑗𝑁 ′′ (𝑓) (2.11)
𝛼 = 0.1820𝑓𝑁 ′′ (𝑓)

(2.12)

𝛽 = 3.336𝑓𝑁 ′ (𝑓) (2.13)
𝑁𝑎
𝑏
′′
′′
(𝑆𝑖 𝐹𝑖 ) + 𝑁𝑝′′ + ∑𝑁
𝑁 ′′ (𝑓) = ∑𝑖=1
𝑖=1(𝑆𝑖 𝐹𝑖 ) + 𝑁𝑒 + 𝑁𝑤

(2.14)

The complex portion of equation (2.11) is represented in equation (2.14). The two
summations correspond to the spectral line strength of oxygen and water vapor
respectively, with the 𝑁𝑝′′ and 𝑁𝑒′′ corresponding to the dry air and water vapor
continuums. The final term in equation (2.14), 𝑁𝑤′′ represents the refractivity
contributions from various hydrosols, or any liquid or solid forms of water
suspended in the atmosphere. Water vapor continuum absorption has been a
major source of uncertainty in predicting millimeter wave attenuation rates,
especially in the window ranges [11].
The ITU model includes 44 spectral coefficients for oxygen and 35 for water vapor,
which are used to calculate the spectral line strength 𝑆𝑖 and shape factor 𝐹𝑖 seen
within the summations in equation (2.14).
𝛾 = 𝛾0 + 𝛾𝑤 = 0.1820𝑓𝑁 ′′ (𝑓) = ∑𝑖 𝑆𝑖 𝐹𝑖 + 𝑁𝐷′′ (𝑓)

(2.15)

Using equation 2.15 the effects of gaseous absorption for frequencies from 0 to
1000 GHz are displayed in Figure 4. It can be seen that in the W&V– band regions
there is a large spike in specific gaseous attenuation.
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Figure 4: The Results of the ITU-R P.676 Gaseous Absorption model for a Temperature of 15°C, Pressure of
1013 hPa and water vapor density of 7.5 𝑔⁄𝑚3 . The three curves show a base line for sea-level measurements
and the two spatial locations for WTLE.

The physical microscopic properties that underpin the macroscopic process
described by the ITU specific attenuation model, will be briefly mentioned, but are
beyond the scope of this paper. Summarily, there are electromagnetic properties
of the atoms which comprise the aforementioned gases and affect millimeter
waves. Oxygen processes a permanent magnetic moment which leads to
magnetic interactions with the incident electric field. Most of these rotational
interactions occur at 60 GHz and 118.75 GHz. Water vapor exhibits an electric
dipole that interacts with the incident electric field producing rotational lines 22.235
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GHz and 183.31 GHz. These interactions induce a change in energy states of the
atoms’ electrons. This change of energy leads to a discrete emission or absorption
of a quanta of energy. The absorption spectrum due to a single transition is an
absorption line, and these lines are the items calculated and summed in the model.
The additional terms within equation (2.15) are the doppler broadening effects.
This effect is the broadening of spectral lines due to the change in frequency or
wavelength of a wave, caused by the distribution of the velocities of molecules.
The ITU model additionally provides the formula for calculating the total gaseous
attenuation to be expected from a terrestrial path with a slight angle of inclination.
𝐴𝑔𝑎𝑠 = (𝛾𝑜 + 𝛾𝑤 )𝑟0 / sin 𝜃

(2.16)

The gaseous absorption model defines the conditions for a clear day, but the
atmosphere displays an unruly plethora of meteorological phenomena. These
phenomena are dependent on the amount of water or moisture in the air. Moisture
takes many forms in the atmosphere all of which attenuate electromagnetic waves.
Just as with all media that RF waves pass through, the effects of the atmospheric
moisture are frequently dependent and can be modeled. There are three forms of
moisture that are of interest for understanding the effects of millimeter waves:
precipitation, water vapor, and suspended water droplets in the vernacular clouds
or fog.
All precipitation and cloud formations are dependent on the quantity of water vapor
in the air. This quantity 𝜌𝑤 , is a measure of the density of gaseous 𝐻2 𝑂 per cubic
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meter of air. This quantity is critical to the ITU Attenuation models and will be
explored further in the following sections.
2.2 Airborne Water
There are three primary atmospheric parameters which are necessary for the ITUR P.676-10 model: temperature, pressure, and water vapor density. When
analyzing atmospheric attenuation, it is prudent to consider how these primary
atmospheric parameters vary with height. The temperature and pressure profiles
throughout all three of the primary atmospheric layers are well defined using the
standard atmosphere model endorsed by the ITU [12]. When isolating our
observations to only the troposphere, the variations of temperature and pressure
with height can be approximated by linear functions seen in figure (5).

Figure 5: the temperature & pressure profiles of the atmosphere taking from the standard atmosphere model
which is derived from global averages of the two profiles.
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The assumption of linear variation within the Troposphere has been verified by
comparing the variation in temperature and pressure between the Tx and Rx sites
of the WTLE link for clear day conditions. The conditions on a clear day are dry air
atmosphere with no precipitation or clouds. The below Figures 6 and 7 describe
the dry air adiabatic of the atmosphere, and the variations in the atmospheric
parameters between the two measuring sites on the WTLE Link.

Figure 6: Dry atmosphere conditions, the linear variation in temperature between the Tx & Rx sites of the WTLE link.

30

Of all the atmospheric components discussed, only water vapor is significantly
variable throughout the troposphere.

Figure 7: Dry atmospheric conditions along the WTLE link, displaying the linear variation in pressure between the Rx and
Tx sites.

When measuring the three primary atmospheric variables, the temperature and
pressure are easily measured through their own designated devices (thermometer,
barometer), but water vapor density is difficult to measure directly and instead the
relative humidity (RH) is measured. The RH is related to the water vapor density
𝜌𝑤𝑣 and partial vapor pressure ⅇ𝑤𝑣 through equation (2.17).
𝜌

𝑒

𝑅𝐻 = 𝜌 𝑤𝑣 × 100% = 𝑒 𝑤𝑣 × 100% (2.17)
𝑤𝑣𝑠

𝑤𝑣𝑠
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Figure 8: The Water vapor density and partial pressure as modeled by the standard atmosphere. The values
shown are global averages and actual in site values diverge greatly.

As the RH increases, the amount of water vapor relative to the maximum quantity
a parcel of air can suspend increases. AT 100% RH, the partial pressure is equal
to the vapor saturation pressure and no more water can enter the vapor phase. If
the partial pressure is greater than the vapor pressure, condensation takes place
leading to the formation of clouds. It is important to note that evaporation becomes
more difficult as humidity rises. With continued increases of RH, pushing a parcel
of air into its water vapor saturation capacity. This capacity of a parcel of air to hold
water vapor is determined by the vapor saturation pressure (or conversely the
vapor saturation density), which is dependent on the temperature of the parcel.
This relationship between the saturation pressure and saturation vapor density are
shown in Figures 9 and 10 respectively.
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Figure 9: The experimentally measured saturation values of water vapor partial pressure & the interpolated values for
all temperatures not measured.

Using the experimentally measured saturation values for Water Vapor partial
pressure in hPa and water vapor saturation density in

𝑔
⁄𝑚3 with respect to

absolute temperature as displayed in Figures 9 & 10, the saturation water vapor
density and partial pressure can be calculated based on the temperature of the
portion of the atmosphere under consideration. Inputting these saturation values
and the current RH value into equation 2.17, the vapor partial pressure or vapor
density of water within a parcel of air can be calculated. Thus, from the three
primary atmospheric parameters (Temperature, Pressure, and Water vapor
density) water vapor density can be computed even if water vapor density is not
directly measured, but instead the far easier to measure RH is captured.
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Figure 10: The Experimentally measured water vapor saturation density values & the interpolated values for all
temperatures between.

Now whenever a parcel of air becomes saturated with water vapor, and the
temperature has cooled sufficiently, the conditions for condensation are meet. The
point at which water vapor begins to condense is called the dewpoint. Once past
this point, airborne water will be present within the atmosphere in the form of a
liquid or solid in addition to its gaseous form. The dewpoint is dependent on the
ambient temperature and RH of the parcel of air under consideration and is defined
mathematically in equation (2.18).
𝑐𝛾(𝑇,𝑅𝐻)

𝑇𝑑𝑝 = 𝑏−𝛾(𝑇,𝑅𝐻)

(2.18)

𝑅𝐻

𝛾(𝑇, 𝑅𝐻) = 𝑙𝑛 (100 ⅇ

(𝑏−𝑇⁄𝑑)(

𝑇
)
𝑐+𝑇

) (2.19)
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Where a = 6.015, b = 17.27, c = 243.5 [14]. Applying these equations the variation
in dewpoint given changing temperatures and various RH values is plotted in
Figure 11 through 13.

Figure 11: Dewpoint calculated using the Arden Buck formulation and compared to varying temperatures and RH.
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Figure 12: the water vapor density calculated for varying dewpoints and RH

Figure 13: Partial water vapor pressure calculated for varying dewpoints and RH values.
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2.3 Precipitation Effects
When cool and warm air masses meet, the cooler air from one air mass will tend
to slide under the warmer air from the other air mass. This will create a wedge that
will tend to lift the warmer air mass up into cooler levels of the atmosphere. The
resultant cooling of the air mass will typically lead to precipitation.
The vertical movement of an air mass is accompanied by a pressure and
temperature change within that air mass to compensate for the change in external
forces. When the vertical movement is slow, the process will usually be a dry
adiabatic process, meaning the water content of the air mass will not change its
chemical phase. In order for this to occur, the temperature change of the air mass
must be exactly compensated for by a volume change. The lapse rate, which is
the temperature change with height, of a dry adiabatic process is a constant 9.8
°C/km. If the vertical movement results in a change in the chemical phase of the
water content, the process is said to be moist adiabatic. Since the condensation of
the water vapor will release latent heat, thereby keeping the air warmer than the
surroundings, the lapse rate will be less than that of a dry adiabatic process and
will not be a constant value.
Lapse rates are significant in determining whether an air mass and its vertical
movement are stable or unstable. Gently ascending air leads to stratiform clouds
and is a stable condition. The lapse rate is less than the dry adiabatic lapse rate
and the depth of the clouds is not very extensive, which is usually a good indication
of stability.
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Conversely, the greater the vertical extent of a cloud formation, the more unstable
the process is likely to be. Cumulo-Nimbus clouds, the generator of thunderstorms
and the most energetic of the convective systems, can exceed 10 km in height and
have vertical wind velocities of 100 km/h. These are extremely unstable conditions.
Of significance for propagation effects is the vertical and horizontal size of the core
of a cloud system in which substantial precipitation exists. A solid knowledge of
the precipitation rates, particularly rainfall rates, and precipitation extent that can
exist along the radio path are essential to predict propagation impairments due to
precipitation. The variations in humidity between the transmitting site and receiving
site and the effects of clouds and precipitation can be seen in the below graph.
With the precipitation event occurring April 13th.

Figure 14: The effects of Precipitation on the received power levels of the WTLE ink.
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Chapter 3: Generalized Link Budget and a Description of
the WTLE Experiment

For any RF communication link, one of the first considerations to be made is the
link budget for the system. The link budget is a tabulation of the terms within the
Friis formula equation (3.1), including modeled channel characteristics, where
each of the factors can be individually considered in terms of its net effect on the
received power. These factors included range from the properties of the two
antennas in use, the amplifications introduced at both the transmitter and
receivers, cable losses, channel properties such as the free space loss 𝐿0 , the
polarization mismatches, atmospheric effects, and any other possible impediment
to received power. The tabulation of the increases and decreases in transmitted
power is reduced to an addition problem through the use of the properties of the
decibel scale.
3.1 Friss Transmission Equation & Link Budget
The fundamental question when analyzing any radio communication link, is how
much power should be seen by the receiving antenna in proportion to that which
is transmitted. This question is effectively answered by the Friis transmission
equation. This equation describes the ratio of received power to transmitted power
between two antennas along a point to point link as shown in Figure (15) and is
defined mathematically in equation (3.1).
𝑃𝑟
𝑃𝑡

𝜆

2

= (4𝜋𝑅) 𝐺0𝑟 𝐺0𝑡 |𝜌̂𝑡 ⋅ 𝜌̂𝑟 | Watts

(3.1)
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Figure 15: A basic radio system with no losses taken from Pozar’s, Microwave Engineering book [6]

The first term is the ratio of the wavelength λ (m), to the distance between the two
antennas R (m), which describes the free space loss of the channel. The next two
terms 𝐺0𝑟 and 𝐺0𝑡 are the max gains of the receiving antenna and the transmitting
antenna respectively. The final term |𝜌̂𝑡 ⋅ 𝜌̂𝑟 |, is the polarization loss factor, which
accounts for losses occurred when the antennas are misaligned off bore sight. For
the ideal case where the antennas within a link are always perfectly aligned, the
polarization loss factor (PLF) is equal to 1 because the dot product of two parallel
vectors is one. In practice, the value given by this equation is the maximum
possible received power. However, there are multiple factors that can serve to
reduce the received power in the actual system. Examples include: polarization
mismatch, attenuation, depolarization, multipath effects that may cause partial
cancellation of the received field.
Taking equation (3.1) and converting it to dB, the various terms can be analyzed
separately with the free space portion derived below in equation (3.2). Free space
loss is formally defined as the reduction in signal power from a transmitter due to
propagation over a distance. Free space loss is also referred to as path loss or
spreading loss [6].
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4𝜋𝑅

𝐿0 = 20 𝑙𝑜𝑔10 (

𝜆

) dB

(3.2)

Manipulating the Friis equation with all its terms converted to dB and inserting the
derived free space loss equation, the received power can be calculated from the
transmitted power combined with the channel and receiver gains/losses.
𝑃𝑟 = 𝑃𝑡 − 𝐿𝑡 + 𝐺𝑡 − 𝐿0 − 𝐿𝐴 + 𝐺𝑟 − 𝐿𝑟 − 𝑃𝐿𝐹 (3.3)
Note that the free space path loss depends solely on wavelength and path length,
which serves to provide a normalization for the units of distance. Putting all of the
terms together in tabular form and ensuring they are in dB; the terms can then be
added together. In following table, the terms of equation (3.3) are organized based
on their sign. Positively signed values contributing gain to the signal while
negatively signed values degrade the signal.
This is now a fully realized link budget. Its usefulness in providing a simple method
of tracking all possible gains and losses along a path, and additionally allowing the
user to isolate the component of greatest interest, Makes it easy to see why this is
so widely used by RF engineers [15].
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Transmit Power
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Figure 16: a generalized Link budget for any radio antenna link showing the received power at the terminals
of the receiving antenna [15].

The atmospheric attenuation term (𝐿𝐴 ) includes three factors: gaseous attenuation
due to oxygen and water vapor, attenuation due to hydrometers (rain, snow,
graupel, and hail), and attenuation due to clouds. An important consideration to
make when applying this formulation to real world systems, is where the received
power is being measured. For the ideal case, the power is being recorded at the
receiving antenna’s terminals, but this will not always be the case. In general the
power level is recorded after various levels of amplification and frequency
modulation within the receiving architecture. The overall gains of these various
stages needs to be included whenever the power level is not recorded at the Rx
antenna’s terminals. Every receiver has various gain stages and loses associated
with its components. Knowing these values is the key to obtaining the final value
of received power recorded at the end of the system compared to the power
transmitted [15].
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An additional note, the transmit power 𝑃𝑡 and transmit gain 𝐺𝑡 can be characterized
equivalently as the effective isotropic radiated power (EIRP).
𝐸𝐼𝑅𝑃 = 𝑃𝑡 𝐺𝑡 Watts or

𝐸𝐼𝑅𝑃 = 𝑃𝑡 + 𝐺𝑡 dB (3.4)

These two factors characterize the transmitter and the main beam of the
transmitting antenna. Thusly in a link budget the transmitted power and
transmitting antenna gain can be replaced with the EIRP. Furthermore, the EIRP
for a given frequency range and particular transmitting antenna gain, is
proportional to the received power and 𝑃𝑡 can only be increased if the EIRP is
increased [6].
3.2 WTLE Experiment Link Budget
WTLE is a 24 km link in Albuquerque, NM with a transmitter (Tx) on the Sandia
peak (3.2 km above sea level) and a receiver (Rx) on the roof of the University of
New Mexico’s COSMIAC research center building (1.6 km above sea level). The
length of the link to the nearby Sandia Peak allows for a low slant angle of 4.16°.
The transmitter provides two circularly polarized beacon signals at 72 and 84 GHz.
The WTLE receivers are capable of recording received power, link depolarization,
and relative phase of the W&V band signals. The Receiver architecture with the
primary gain and losses are shown in figure 17.
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72 GHz or
84 GHz
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Waveguide

Polarizer
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-0.5 dB
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Mixer

Diplexer

Filter
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-0.5 dB

-0.5 dB

IF Amplifier
35 dB

Isolator

Filter

-1 dB

-0.5 dB

Beacon: 7 MHz
Calibration tone: 8 MHz

Figure 17: General Transmitter parameters for both antenna systems with values given by original estimates by Quinstar
and NASA.

Using the gain values of the WTLE equipment and the other channel parameters
the estimated received power is calculated by summing together the free space
loss, radiated power, various gains, and total attenuation from both gaseous
absorption and cloud attenuation [5].
𝐿𝐹𝑆 (𝑑𝐵) + 𝐺𝑟 (𝑑𝐵) + 𝐸𝐼𝑅𝑃(𝑑𝐵) + 𝐺𝑅𝑥 (𝑑𝐵) + 𝐴𝑔𝑎𝑠 (𝑑𝐵) + 𝐴𝑐𝑙𝑜𝑢𝑑 (𝑑𝐵) = 𝑃𝑒𝑠𝑡 (3.5)
The above equation estimates the received power by incorporating the link budget
of WTLE, which includes: the free space loss 𝐿𝐹𝑆 , the receiving antenna gain 𝐺𝑟 ,
the estimated isotropic radiated power (EIRP), the receiver’s amplifiers gains 𝐺𝑅𝑥 ,
and the total slant path attenuation due to gaseous absorption 𝐴𝑔𝑎𝑠 and clouds
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𝐴𝑐𝑙𝑜𝑢𝑑 . The gains and free space loss are dependent on the link geometry and the
physical design of the RF components. The total attenuation due to a clear dry
atmosphere is calculated using the ITU-Recommendation Attenuation by
Atmospheric Gases [10]. This model calculates the specific attenuation up to a
1000 GHz due to oxygen and water vapor. Refer to Chapter 2 section 2 for more
detailed derivation of the index of refraction.
72 GHz

84 GHz

Rx Antenna Gain (dBi) 33.2

34.2

HPBW (degrees)

3.4

3.0

Raindome Loss (dB)

0.1

0.2

EIRP (dBW)

9.4

9.6

EIRP (Watts)

8.7

9.1

Table 1: WTLE antenna parameters, as measure by the UNM Antennas and RF lab.

The above table is the WTLE hardware’s specific parameters as initially measured
by the university of new Mexico’s antenna measurement lab before final
installation. Taking these values and combining them with average atmospheric
attenuation values for gaseous absorption of millimeter wave length propagations
at 72 GHz along the 24 km WTLE link. Additionally, worst case scenario values for
pointing losses attributed to wind loading of the antennas at both sites along with
aging and warping of the wooden decks the receiver is mounted to. The complete
WTLE link budget is given below with all the previously discussed parameters
included. These values are a culmination of the contributions of the transmitter, the
channel and the amplification and losses of the receiver.
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WTLE Link Budget
Receiver Antenna Gain
Gain of LNA
EIRP

50.9
dB
32.5
dB
40.8
~ dBm
20.8
Free Space Loss
-157.21
dB
Average gaseous attenuation -8
dB
Raindome loss
-0.1
dB
pointing loss
-0.1
dB
additional Rx amplification
15
dB
Table 2: The complete WTLE link budget accounting for receiver architecture gains.

The value of the EIRP changes from 40.8 to 20.8 after September 14 th, 2018,
because of the removal and replacement of the 5-dB attenuator with a 25-dB
attenuator. The WTLE transmitter and receiver were designed by NASA and built
by Quinstar. V-band Gaussian lens antenna has a center frequency of 72 GHz, a
directivity of 34.7 dBi, a HPBW of 3.6°, and a VSWR of 1.2.
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Chapter 4: Everything Clouds

For the past 60 years of conducting RF propagation experiments within the
atmosphere, the primary method of capturing the properties of clouds has been
using radiometers and radiosonde. Radiometers capture accurate columnar
measurements of the sky above them within a window of ~20 degrees. Radiosonde
provide in situ measurements of each atmospheric layer as they ascend attached
to a weather balloon. Both of these methods have been employed for decades by
meteorologists and propagation scientists and have provided accurate data.
These methods provide accurate measurements within small windows of space
for the radiometers and spatially and temporally for radiosonde. These limited
windows provide challenges when working with large terrestrial links such as the
WTLE project. To use radiometers to measure the presence and properties of
clouds along the whole path would require multiple units along the path with units
placed along remote mountain sides and urban environments.
To address the fallbacks and expenses of implementing multiple radiometers or
using skewed radar data, we propose the use of a novel estimation method that
when coupled with received power data can accurately predict the properties of
the atmospheric channel.
In our method we collect data at both the receiver and transmitter sites and perform
a linear LaGrange Interpolation on the three primary atmospheric variables:
temperature, pressure, and relative humidity (RH). These three parameters can be
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used to fully describe any parcel of air and are the main inputs to the attenuation
models we will be presenting.
To capture the variation of these parameters, the geometry of the link needs to be
modelled first with the horizontal and vertical variations of the path with respect to
the ground level. The path is modelled by taking the exact GPS coordinates of the
antenna sites and then the altitude differences between the two with the Rx at 1605
m above sea level and the Tx at 3238 m above sea level. From the GPS
coordinates the Tx and Rx are separated by a distance of 24.04 km. Applying the
Pythagorean theorem the length of the path can be calculated to be 23.9 km and
𝑑𝑧

the vertical change is 𝑑𝑥 = 0.5.
(𝑦 −𝑦 )

𝑦 = 𝑦1 + (𝑥 − 𝑥1 ) (𝑥2−𝑥1)
2

1

(4.1)

LOCATION ALTITUDE

GPS COORDINATES

𝑿𝟏 RX

𝐿𝐴𝑇 = 35° 3′ 14.27𝑁

𝑧1 = 1605 m

𝐿𝑂𝑁𝐺
= 106° 37′ 10.23𝑊

𝑿𝟐 TX

𝑧2 = 3238 m

𝐿𝐴𝑇

𝐿𝑂𝑁𝐺

= 35° 12′ 53.75𝑁

= 106° 27′ 04.10𝑊

Table 3: WTLE location

Now using the fact that pressure and temperature vary linearly in this layer of the
Troposphere according to the standard atmosphere model, the temperature and
pressure fluctuations along this path can be estimated using a Lagrange
interpolation between both sites and the horizontal variation between the
antennas. For simplicity sake, RH it is assumed that it varies linearly over the city
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due to clear day humidity variations between Rx and Tx. With these 3
interpolations, the gaseous attenuation due to oxygen and water vapor present
along the path can be calculated. Using the ITU-R refinement of the Liebe model
[10].
To model the attenuation due to clouds the presence of clouds along the path must
be uncovered. We will present three currently used methods and compare their
results with the received power values of the WTLE link.
Cloud base height prediction, “the pilot’s equation”
One of the most ubiquitous methods is the cloud base height equation developed
by aviation experts which allows pilots to calculate the altitude of a cloud base
relative to the ground height. These equations utilize the dewpoint temperature in
comparison to ambient temperature to determine the threshold at which a cloud
can form.
𝐻𝐶𝑙𝑜𝑢𝑑 𝑏𝑎𝑠𝑒 = (𝑇𝑑𝑝 − 𝑇)

1000
2.5

(4.2)

This equation expresses relative to the ground altitude, the height at which a cloud
can form by utilizing the dewpoint, which is the temperature at which water vapor
begins to condense into liquid water
4.1 Cloud Formation
The variations in the moist, turbulent layers of the lower neutral atmosphere, the
Troposphere and the Stratosphere, are part of the science of meteorology.
Understanding the fundamentals of meteorology is important since the weather
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patterns in the lower atmosphere play a major part in determining the likely
propagation impairments to be encountered by radio wave signals on terrestrial
and earth-space paths.
An atmospheric cloud is defined as an aerosol consisting of a visible mass of
suspended liquid, frozen crystals, or other particles within the atmosphere of a
particular planetary body [16].
On Earth, clouds consist primarily of suspended liquid or solid water droplets that
have condensed around air bound dust particles. These bound droplets of liquid
water are miniscule in size, with an average diameter of 0.02mm . The size of the
droplets and their density within the atmosphere determines the type of cloud that
will form. As the concentration of water increases the clouds become denser and
thus sink and begin to occupy a larger vertical profile. The different types of clouds
can be seen in the Figure 18. The clouds with the largest amount of water vapor
in order of decreasing water concentrations are the Nimbostratus, cumulonimbus,
and cumulus. These cloud types are the three most relevant when modelling
propagation as they contain the greatest amount of liquid water the EM wave has
to pass through.
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Figure 18 : The classification of different cloud types based on their altitude [17].

There are three processes which induce the necessary conditions for cloud
formation. Listed from most prevalent to least are adiabatic cooling, non-adiabatic
cooling, and the processes responsible for the adding of moisture to the air by noncooling methods. As adiabatic cooling is the most prevalent, especially in New
Mexico where this study takes place, it is important to understand what this
process is.
Lapse rate, as discussed previously, is the proportion at which the Earth’s
atmosphere’s temperature rises and falls in proportion with the variance in altitude
and is applicable to any gravitationally supported parcel of gas. The change
temperature experiences with height is captured by the temperature profile.
The temperature profile of the atmosphere is a result of the interaction of radiation
and convection. Radiation from the sun in the form of sunlight, warms the air as it
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passes through it and then warms the surface of the earth itself. The ground then
radiates heat which warms the air above. The air nearest the ground is the warmest
and due to convection begins to rise as the cooler air above it sinks. As the
temperature of gases increases, their volume increases, and their density
decreases in accordance with the ideal gas law equation 4.3. Take for instance a
hot air balloon rising in the cold autumn air. The loss in density allows the lighter
hot air to rise while the cooler, heavier air above it sinks, filling the void left by the
rising air. The expansion and uplift of the warm air means this parcel of gases is
doing work on the surrounding atmosphere without increasing in temperature.
Thus, as the warm air expands and rises, it expends energy in the form of losing
heat. This process of working on its environment and cooling at the same time is
an Adiabatic process [18].
𝑃𝑉 = 𝑛𝑅𝑇 (4.3)
Clouds form when the ambient temperature of a volume of air cools pass the dew
point, which is a measure of the water vapor saturation limit for a particular
temperature. The air can be cooled through a variety of processes, upwelling of air
due to a low-pressure system, topographical obstacles pushing air higher, weather
fronts, and the rising of warm air fronts which is the most common. In addition to
cooling, the parcel of air must not be dry and contain water vapor.
Clouds begin to form once the air mass has cooled past its intrinsic dewpoint. The
water vapor will condense around the condensation nuclei present within the air.
These condensation nuclei are 0.0001mm in diameter and their typical density is
100 to 1000 per cm^3. When the atmosphere contains as much water vapor as it
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can hold, it has reached its saturation point. This point can be reached by: the
accumulation of moisture until the maximum amount the volume of air can contain
for a particular temperature is reached, the temperature of the moist air decreases
to a point where the air is above its carrying capacity.
Saturation is reached through evaporation, which introduces water vapor into the
atmosphere, and condensation. Condensation does not by itself lead to
precipitation. The condensed water must become heavy enough to succumb to
gravity’s pull which can transpire in two ways. One way arises when clouds
containing coexisting ice crystals and water droplets experience an imbalance of
water vapor pressure. The water droplets transfer to the ice crystals and crystal
eventually grow heavy enough to fall. The other occurs when water droplets in
warm clouds collide and change charge, allowing unlike charged droplets to
coagulate and repel each other. The droplets grow until they eventually fall [9].
When saturation is reached, moisture becomes visible water droplets in the form
of fog or clouds. There is no difference between fog and clouds other than altitude.
Above 50 ft visible moisture is called a cloud, and below this height fog begins.
4.2 Dielectric Properties of Water
The primary factor making clouds a lossy medium are the dielectric properties of
water. For the exceedingly small wavelengths found in the W & V bands, water
becomes an ever more important attenuator and scatterer. These effects are
markedly pronounced for millimeter wave propagations. Water within the
atmosphere appears in many forms but can be classified based on the size of the
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radii of the suspended liquid droplets. The three main classifications are: moist air,
fog (or clouds), and precipitation (rain, snow graupel, hail, etc.) [18].
Moist air is when the air contains a significant amount of gaseous water and
suspended. Concentrations of water vapor within the atmosphere are called
humidity. A qualitative characteristic of moist air is relative humidity, which is the
ratio of partial vapor pressure to saturation vapor pressure or the ratio of vapor
density to saturation vapor density. The size scale of these droplets is smaller than
5 µm. Clouds/fog are concentrated groupings of aerosols consisting of liquid
droplets (referred to as hydrosols) suspended in the air. The amount of water
droplets within the cloud are counted by the LWC measured in g/m^3 and the radii
of the suspended droplets are 5-50 µm.
The final form that water takes on in the atmosphere is precipitation. Precipitation
is whenever the water vapor condenses to droplets within the size range of 0.5
mm to 4 mm. At these sizes the droplets become too heavy to retain their buoyancy
and fall due to gravity. Depending of the ambient temperature the falling droplet
can take the form of snow, rain, hail etc.
TYPE

SIZE 𝝁𝒎

CLOUD
DROPLET
DRIZZLE
DROP
ICE
CRYSTAL
RAIN DROP

5-50

NUMBER
CONCENTRATION C𝒎−𝟑
102-103

~100

~103

10-102

103-105

500-4000

102-103

Table 4: Airborne particle radii distributions
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Propagation of millimeter waves through a moist atmosphere can be calculated
using the Millimeter Propagation Model (MPM) originally formulated by Liebe and
further refined in the ITU model previously presented to model dry and clear days.
The contributions of dry air, water vapor, suspended droplets, and rain can be
calculated using the dispersive complex refractivity equation [2].
The effects of an atmospheric medium on an electromagnetic wave can be
modeled by a propagating plane wave at significant distances away from the
radiation source. A plane wave is defined as an electromagnetic wave whose wave
fronts (surfaces of constant phase) are infinite parallel planes.

Review of the Derivation of Index of Refraction from the Electric
Field
𝐸(𝑧) = 𝐸0 ⅇ −𝑗𝑘𝑑

Electric Field of a Plane Wave
Propagation Factor

𝑘(𝑓) =

2𝜋𝑓
𝑛(𝑓)
𝑐

𝑛(𝑓) = (1 + 𝑁(𝑓))10−6

Complex Index of Refraction

𝑁(𝑓) = 𝑁0 + 𝑁 ′ (𝑓) + 𝑗𝑁 ′′ (𝑓)

The Complex Refractivity

Table 5: Relations of wave and index of refraction equations

The effects of the medium on the propagating millimeter plane wave are distortions
in amplitude and phase. The fluctuations in wave amplitude are represented by the
attenuation factor and the group delay or phase delay represents the changes in
wave phase introduced by the medium.
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𝛼(𝑓) = − 𝐼𝑚{𝑘(𝑓)} =

𝛽(𝑓) = 𝑅ⅇ{𝑘(𝑓)} =

2𝜋𝑓

2𝜋𝑐
𝑓

𝑐

10−6 𝑁 ′′ (𝑓)

(4.13)
10−6

[(1 + 𝑁0 + 𝑁 ′ (𝑓))

]

(4.14)

The complex refractivity 𝑁 ′′ (𝑓) defined in equation 4.14 can be broken down into
the induvial atmospheric components that contribute to the absorption the
atmosphere introduces. This break down is given in equation 4.15 [2].
𝑁 = (𝑁𝐿 + 𝑁𝑑 + 𝑁𝑐 ) + 𝑁𝑊 + 𝑁𝑅

(4.15)

The effects of suspended water droplets are encapsulated by the term 𝑁𝑊 which
is developed from the Rayleigh approximation of Mie Scattering. Rayleigh
scattering occurs when the dimensions of the scatter is much smaller than the
wavelength of the incident radiation, which holds true for clouds due to the average
size of the suspended water droplets being 5-50 µm while millimeter waves have
wavelengths from 10 mm to 1 mm.
4.3 Cloud Effects
ITU-R P.840-7 Attenuation due to Clouds and Fog model computes the specific
attenuation of a cloud up to 200 GHz using the Rayleigh approximation of Mie’s
scattering. Just as the gaseous absorption model from the ITU was based on the
1

work of Liebe so is this model. The Rayleigh approximation, 𝑎 < 10 𝜆 when the radii
of the particles are less than a tenth of a wavelength of the incident wave, that this
model assumes is that the size of the suspended drops are smaller than 0.01 cm.
The model accepts as inputs, the frequency of operation, the temperature of the
air and finally the liquid water density of the atmosphere [19].
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𝛾(𝑓, 𝑇) = 𝑘𝑙 (𝑓, 𝑇) ⋅ 𝑀

(4.4)

0.819𝑓

𝑘𝑙 = 𝜀′′ (1+𝜂2) (4.5)
𝜂=

2+𝜀 ′

(4.6)

𝜀 ′′

The specific attenuation due to the cloud is given by equation (4.4) with the liquid
water density represented by the symbol (M). The coefficient 𝑘𝑙 (𝑓, 𝑇) is dependent
on the complex dielectric permittivity of water. The double-Debye model is used to
calculate the permittivity 𝜀 = 𝜀 ′ + 𝑗𝜀 ′′ . The real and imaginary portions of this
equation are given by equations (4.11) and (4.10) respectively.
𝜀 ′′ (𝑓) =

𝜀 ′ (𝑓) =

𝑓(𝜀0 −𝜀1 )
2

𝑓𝑝 [1+(𝑓⁄𝑓𝑝 ) ]

𝜀0 −𝜀1
𝑓
1+( ⁄𝑓𝑝)

2

+

+

𝑓(𝜀1 −𝜀2 )
2
𝑓
𝑓𝑠[1+( ⁄𝑓 ) ]
𝑠

𝜀1 −𝜀2
2
𝑓
1+( ⁄𝑓 )
𝑠

+ 𝜀2

(4.7)

(4.8)

𝜀0 = 77.66 + 103.3(𝜃 − 1) (4.9)
𝜀1 = 0.067𝜀0

(4.10)

𝜀2 = 3.52

(4.11)

𝜃=

300
𝑇

(4.12)

Upon review of the mathematics, the double-Debye dielectric model for water
depends solely on the temperature and frequency. The difficulty of using this model
is the calculation of the constant M. This value requires the total LWC of the cloud
along the path be known. There are multiple probabilistic methods for predicting

57

the LWC which use the temperature, pressure, and humidity with varying degrees
of accuracy.

Figure 19: RH and received power vs date showing the correlation between increased levels of moisture present in the
air and attenuation of millimeter waves.
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Chapter 5: Methods of Calculating Cloud Attenuation

Understanding the effects clouds have on millimeter wave propagations is crucial
when designing satellite and terrestrial communication systems due to the
attenuation fades that they produce within these frequency ranges. Models have
been formulated with high accuracy to calculate the attenuation of clouds for
frequencies between 10 and 200 GHz using dielectric permittivity of the water
within a vertical column within a cloud [19]. These models depend greatly on the
content of liquid water of the cloud that the wave propagation traverses through.
The calculation of the LWC is dependent on models that estimate cloud attenuation
when there exist radiometer data or ceilometer measurements available for paths
that travel at elevation angles from 0 < theta < 90.
The attenuation observed for any atmospheric event may only be calculated by
comparing it to the expected level of received power aka “the reference or baseline
level.” Unfortunately, there is no absolute reference level as it is susceptible to day
to day variability within the RF components due to temperature fluctuations,
fluctuations in atmospheric parameters, antenna wetting effects, and other
phenomena. Whether studying attenuation due to gaseous absorption, clouds or
rain the quality of the analysis will be significantly influenced by appropriately
defining the reference level of the received power [3].
“No literature provides a concise and through recommendation for appropriately
calculating the reference level for studying gaseous attenuation or clouds and so
the judgement is left as an exercise for the experimentalist” [3]. To explore the
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effects of clouds on attenuation, an expected or reference power level that
accounts for fluctuations in atmospheric parameters along with changes in RF
component performance must be approximated. To accomplish this, a
combination of the WTLE link budget along with the ITU gaseous absorption
discussed in chapters 3 and 2 respectively. Assuming the Gain stages of the WTLE
receiver, along with the gain of the receiving antenna and EIRP of the transmitter
remain relatively stable with respect to temperature according to preliminary test,
which assert that the hardware is temperature controlled to ±0.1℃. These values
can be assumed to remain constant [7]. The variations in atmospheric parameters
are accounted for by the absorption due to atmospheric gases.
5.1 Validation of Gaseous Absorption Model
Before analyzing cloud models, it is necessary to validate the ITU-R P.676-10
gaseous attenuation model discussed in chapter 2. To apply the gaseous
absorption model to the WTLE link, the geometry of the path through the
atmosphere must be formulated.
LOCATION ALTITUDE

DISTANCE

𝑿𝟏 RX

𝑥1 = 0 m

𝑧1 = 1605
m

𝑿𝟐 TX

GPS COORDINATES
𝐿𝐴𝑇

𝐿𝑂𝑁𝐺

= 35° 3′ 14.27𝑁

= 106° 37′ 10.23𝑊

𝑧2 = 3238

𝑥2 = 24300

𝐿𝐴𝑇

𝐿𝑂𝑁𝐺

m

m

= 35° 12′ 53.75𝑁

= 106° 27′ 04.10𝑊

Table 6: WTLE site locations

The WTLE link is modelled by taking the exact GPS coordinates of the antenna
sites and then the altitude differences between the two with the receiver at 1605
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m above sea level and the transmitter at 3238 m above sea level. From the GPS
coordinates the Tx and Rx are separated by 24.30 km. Applying the Pythagorean
theorem the length of the path can be calculated to be 24.357 km and the change
in altitude is 1.633 km. The path is then divided into a collection of bins 1 m by
~0.067 m. Corresponding to a 1.002 m portion of the propagation path.
Bin Physical Description
Incline Angle

θ

3.8356°

Change in spatial

dx

1m

dz

0.0672 m

Change in path length dr

1.0023 m

Total path length

24257 m

distance
Change in altitude

R

By establishing the geometry of the bins, the variations in atmospheric parameters can
be calculated for each of the 24301 bins along the path. Using the linear variation in
pressure and temperature with altitude and the assumption that RH varies linearly with
height within the area occupied by WTLE, refer to chapter 2 for further elaboration on
atmospheric composition. The three necessary parameters to calculate the gaseous
absorption for each bin along the path can be calculated. Temperature, pressure, and
relative humidity are calculated in MATLAB by taking the values of both parameters over
a date range from the Rx and Tx weather stations and interpolating their values for each
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bin along the path. The dates chosen to further isolate the effects of gaseous attenuation,
are recorded data selected for times which clear day conditions are present.

Figure 20: Video of clear day conditions with the left image the Rx camera looking up the mountain to the Tx, and the right image
being the Tx camera. The green boxes are the locations of the other site.

Figure 21: Clear day weather data captured from the Sandia Crest and COSMIAC weather stations.

Clear day conditions for our purposes are defined as no meteorological events occurring
at the given time (i.e. no precipitation detected at either weather station, the Tx visibility
sensor reads over 7000 m, and there are no clouds along the propagation path as seen
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by the video camera on Sandia peak). Referring to figure 20, video capture of a clear day
showing no clouds obstructing the path or precipitation events occurring. The conditions
for clear day weather were achieved for 12:00 April 25th, 2018 through 00:00 April 28th,
2018 with the weather data form both weather stations plotted in figure 21. Taking the RH
profile created for the link and using the conversion from relative humidity to water vapor
density presented in chapter 2.

Figure 22: The geometry & elevation profile of the ground over which the WTLE link passes. Created using the GPS coordinates of
the antenna sites inputted to Google Earth pro.

The three atmospheric parameters needed for calculating the gaseous attenuation for
each bin are now available. Then using the gaseous attenuation line by line calculation
as formulated in ITU-R P.676-10 [10], the specific attenuation due to atmospheric gases

63

is estimated at each bin based on the atmospheric conditions present for the bin. The
specific attenuation 𝛾 is measured in dB/km and defined by equation 2.15. This
formulation gives 24301 specific attenuation values along the path and a total attenuation
value given by equation 2.16, which is a summation of all the values normalized by the
length of the path. The results of this calculation are shown in figure 24. To validate the
calculated value, the received power at the WTLE Rx is compared to the gaseous
attenuation value augmented with the link budget formulated in chapter 3 for all time
stamps within the date range of 12:00 April 25th, 2018 through 00:00 April 28th, 2018. The
results of gaseous attenuation model combined with link budget compared to Received
power trace the variations in received power, attributed to the change in temperature from
the rising and setting of the sun heating the atmosphere, with an average error of 0.6 dB
across this time range.
The results of modeling the effects of gaseous attenuation for millimeter wave
propagations within the V-band of the spectrum show excellent agreement with
experimentally obtained received power values from the WTLE experiment. The
assumptions of linear variation of RH and thusly linear variation in water vapor density for
clear atmospheric conditions appear to contribute little in terms of error between the
model and the empirical values.
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Figure 23: The difference in specific gaseous attenuation at the Rx and Tx sites of the WTLE Link during clear conditions. The Values
are calculated using the exact values measured at the two locations.

Figure 24: The total gaseous attenuation plus the channel's link budget as compared with the received power values for the same
time period
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5.2 Cloudy Conditions
With the attenuation due to atmospheric gases explored and validated, we can turn our
attention to isolating the effects clouds have on attenuation by defining a cloudy day.
Cloudy weather conditions are defined as time periods during which the RH at the
transmitter site on the mountain exceeds 70 %, the visibility sensor reads values under
500 m, no precipitation is detected at either weather station, a cloud mass is observed
on video obscuring the Rx site from the point of view of the Tx, and clouds are clearly
present along the propagation path from the perspective of the Rx.

Figure 25: Video of cloudy day conditions with the left image the Rx camera looking up the mountain to the Tx, and the right image
being the Tx camera. The green boxes are the locations of the other site.

For sample dates of persistent cloudy conditions with the absence of precipitation and
with similar temperature values as compared to the dates chosen for the gaseous
attenuation experiment, 12:00 April 20th, 2018 through 00:00 April 23rd, 2018 were
selected. The conditions at both weather stations are shown in figure 27 and using the
same procedure from the previous section the gaseous specific attenuation at both
transmitter and receiver sites was calculated with the results shown in figure 26. The
weather conditions and the gaseous attenuation compared to the received power values
are shown in Figures 27 and 28 respectively. The above date range provides an excellent
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test data set due to the lack of rain and relatively stable power data for the surrounding
dates of April 2018 as can be seen in Figure 28.

Figure 26: The difference in specific gaseous attenuation at the Rx and Tx sites of the WTLE Link during cloudy conditions. The
Values are calculated using the exact values measured at the two locations.
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Figure 27: Cloudy day weather data captured from the Sandia Crest and COSMIAC weather stations.

Figure 28: Gaseous absorption vs received power data for April 2018

68

5.3 Decker Model
To calculate the attenuation the cloud imbues on the transmitted power, the LWC (liquid
water content) of the cloud obscuring the mountain must be estimated. The first model
considered to evaluate the LWC is the Decker model. The Decker model compares the
RH to a static predetermined constant critical humidity value and determines the presence
of a cloud only when the RH is equal or exceeds the value of the RHc (critical relative
humidity). The LWC content is then determined by the selection of one of three density
models that when combined with the estimated cloud thickness delivers the TWC (total
water content) , which is a sum of all present liquid water LWC and solid water IWC (ice
water content) [20].

Figure 29: Decker cloud density estimations, 𝛾 can take on three values: 0.25, 0.5, & 1. With 𝛾 = 1 corresponding to a density of 1,
𝛾 = 2 corresponds to 0.5, and 𝛾 = 3 corresponding to 0.25.
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The Decker model employs the user to choose a fixed RHc value ranging from 85%, 90%,
or 95% relative humidity, to determine the threshold for the presence of a cloud.
Whenever the RH exceeds the chosen RHc value, the model will calculate TWC and
whenever the RH is below this level the TWC is set to zero and it is implied no cloud is
present along the path.
The TWC content is calculated using equations 5.1, which set upper and lower bounds
for the TWC and calculate the amount of water in a cloud by multiplying the thickness of
the cloud ΔH m by the constant value of 1.6 𝑔⁄𝑚4. ΔH is typically measured using
atmospheric profiles from radiometers. The LWC is then calculated using equation 5.2,
which takes the TWC value and the temperature at the location of the cloud [20].

(5.1)

(5.2)
Additionally, the model multiplies the LWC value by one of three density values that takes
the value 1, 0.5, or 0.25. The water density of a cloud compared to the thickness is shown
in figure 28. These three density values produce differing LWC curves with a density
function of 1 yielding maximum total LWC for the path of over 2600 𝑔⁄𝑚3 and for the
smallest density value of 0.25, yielding 600 𝑔⁄𝑚3 . These LWC values yield three
approximations for the attenuation due to clouds with the smallest density value under
estimating the amount of attenuation as compared to the received power value and the
largest density value of 1 vastly overestimating the attenuation due to the cloud. The
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density value of 0.5 𝑔⁄𝑚3 yielding the closest match to the received power curve. The
average error between the received power and the three cloud attenuation density
functions developed by the Decker model are: 1.3399 dB for a density of 1 𝑔⁄𝑚3 , 0.8675
dB for a density of 0.5 𝑔⁄𝑚3 , and 0.7235 dB for a density of 0.25 𝑔⁄𝑚3 . Even though the
second density value of 0.5 𝑔⁄𝑚3 yields an average error greater than that for a density
of 0.25 𝑔⁄𝑚3 , it more closely matches the received power curve and will be used in
subsequent comparisons with the other LWC models being validated.

Figure 30: The comparison of the various density values for the Decker model when the RHc value is set to 85%
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Figure 31: The LWC estimated by the Decker model for an RHc value of 85% and the three density values.

5.4 Salonen Model
The second most widely used cloud LWC prediction model is the Salonen model. This
model determines the presence of a cloud through the use of a critical humidity function
equation 5.3, that serves as a threshold. Whenever the RH is equal to or exceeds this
value a cloud is detected.
𝑅𝐻𝐶 = 1 − 𝛼𝜎(1 − 𝜎)[1 + 𝛽(𝜎 − 0.5)]

(5.3)

𝑝(𝑖)

𝜎 = 𝑝(0)

(5.4)
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This RHc differs from the Decker model in that it is dynamic and shifts with changing
pressures between the cloud and the ground represented by the value σ. Additionally the
function features two tunable constants α and β, which serve to modify the equation to fit
varying geographic locations adding the flexibility the Decker model lacks. With the
presence of a cloud being detected, the model calculates the LWC content from the TWC
which is shown in equations 5.5 through 5.8.

𝑇𝑊𝐶(𝐻, 𝑇) = 𝑤0 (

(1 + 𝑐𝑇), 𝑇 ≥ 0𝑜
) {
exp(𝑐𝑇) , 𝑇 < 0𝑜

𝐻−𝐻𝑏𝑎𝑠𝑒 𝑎
𝐻𝑟

(5.5)

1,
𝑇 ≥ 0𝑜
𝑓𝑤 (𝑇) = {1 + 𝑇⁄20 , −20 ≤ 𝑇 < 0𝑜
0,
𝑇 < 0𝑜

(5.6)

𝐿𝑊𝐶 = 𝑇𝑊𝐶𝑓𝑤 (𝑇)

(5.7)

𝐼𝑊𝐶 = 𝑇𝑊𝐶(1 − 𝑓𝑤 (𝑇))

(5.8)

With the total water content formula depending on the difference between the site of
measurement, the cloud base and the temperature at the measurement site. This
equation also features three tunable parameters (𝑤0 , a &c), which were evaluated based
on collected RAOB (Universal Rawinsonde Observation program) data from multiple sites
[21].
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Figure 32: Salonen model's prediction of cloud attenuation as compared to received power values.

5.5 Mattioli Modification of the Salonen Model
A popular modification to the Salonen model is presented by Mattioli et al, in which the
RHc constant is tuned along with the TWC calculation constants. The modified model
was validated through radiometer measurements and the accuracy of prediction was
increased 15%. The refined constants in comparison to the standard Salonen constants
are displayed in the Table 7 [21]. Additionally, the temperature range at which both ice
crystals and liquid droplets can coexist, shown in the second term in equation 5.4, is
extended from -20 to 0 to -35 to 0. With -35 being the new glaciation temperature or the
temperature at which all the water droplets convert to ice crystals. Regarding glaciation
temperature change, observations that liquid drops and ice particles might coexist down
to those temps have been demonstrated in previous works [21].

74

Description

Symbol Salonen

Mattioli

Average liquid water density

𝑤0

0.17 g∕ 𝑚3

0.17 ∕ 𝑚3

Relative height constant

𝐻𝑟

1.5 km

1 km

Total water content

a

1.0

0.3

approximation equation

c

0.04 𝐶 −1

0.021 𝐶 −1

Critical Humidity threshold

α

1.0

0.59

constants

β

√3

1.37

Glaciation Temperature*

**

-20 C

-35 C

constants

Table 7: Salonen and Mattioli constants used in the LWC calculation models

Figure 33: LWC for the test cloudy date range, comparing the three models

75

The application of these models to the WTLE link for the test cloudy date range are shown
in Figure 33. The results demonstrate that the Mattioli modification severely
underestimate the LWC content, contradicted the reported improved results from the
referenced material. This error seems to stem from the geography of the regions in which
the Mattioli model was formulated vs the geography of the WTLE link. The Mattioli model
was developed in humid flat lands, whereas WTLE is subject to alpine and high desert
conditions. Additionally, these results demonstrated that the Decker model and the
Salonen model, estimate the LWC of the path through the cloud fairly similarly and
accurately for the conditions present in Albuquerque NM. The validation of the superiority
of the Decker and Salonen model compared to the Mattioli can be seen in the predicted
attenuation vs received power in Figure 34.
5.6 Comparison of Models
All the models assume the user has an experimental setup in which the propagation path
is present in a relatively flat terrain or has a slant angle greater than 5 degrees.
Additionally, it is assumed radiometer data for the atmospheric composition is available
for all points along the path. None of these conditions are satisfied by the WTLE
experiment, so it is necessary to rethink how to apply these models to this setup. The
WTLE path relative to the ground profile is given in Figure 22 and as it can be seen the
mountainous terrain of Albuquerque NM allows for the presence of a cloud at the same
elevation as the ground. To utilize these models, we model the path as if at ever onemeter step horizontally between the Tx and Rx, there is a full weather station completely
describing the cloud parameters. Taking this assumption, the LWC for every 1 m
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horizontal step (1.01 m step along path), can be approximated and from that value the
specific attenuation due to clouds can be calculated.
To make this assumption, in addition to the three primary atmospheric parameters
(Temperature, Pressure, Relative Humidity) at all points along the path, the critical
humidity, and the vertical RH profile at each location must be approximated. The Decker
and Salonen models present equations to calculate critical RH given the three primary
atmospheric variables. The vertical RH profile distribution is approximated by assuming
the standard atmospheric variation of water vapor density and by applying the definition
of RH given in equation 2.17. This yields the approximation that RH decreases
exponentially as height increases.

𝑅𝐻𝑡𝑜𝑝 = −ⅇ

𝑧
− 𝑡𝑜𝑝⁄𝑧𝑝𝑎𝑡ℎ

+ 𝑅𝐻𝑝𝑎𝑡ℎ

(5.9)

Figure 34: Cloud attenuation models are compared. As can be seen the Decker approximation and Salonen approximation match
well.
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With the approximate RH height profiles and the values for critical RH, the presence of
clouds along the path and their ceiling can be calculated. Introducing the cloud base
values, the thickness (𝛥𝐻) of the clouds along the path are approximated. With all these
parameters the LWC can now be computed with the aforementioned models.

Figure 35: The LWC content for the test data set of April 20th 2018 to April 23 2018. The Mattioli modification predicts only a
quarter of the amount the Salonen does and only a seventh of the quantity that the Decker model does.

The results of applying these models provides an appropriate approximation of the
amount of attenuation introduced by clouds for a worst case scenario. The individual
models and their predictions on the amount of perceived attenuation are compared in
Figures 34 and their predicted LWC values are displayed in Figure 35. The Salonen and
Mattioli models assume there is no cloud present on the peak of the Sandia mountains,
even if it predicts a cloud further down the path. Due to the fact there is no pressure
difference between the ground and path making the critical humidity function too high.
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Thus not predicting the presence of a cloud even if there is one present. This distorts the
LWC prediction and proportionally diminishes the amount of specific cloud attenuation.
The Decker model as seen in Figure 36, most accurately represents the attenuation due
to clouds.

Figure 36: The attenuation due to clouds as compared to the attenuation perceived at the WTLE receiver.

Now looking at these models applied to data collected from January 2018 to July 2018
and January 2019 to July 2019, we see the trends observed from the test data set of April
21st to April 23rd continue to be observed on other cloudy days that have varying
temperatures and cloud compositions, with the exception of the winter months in which
the clouds are primarily composed of ice instead of water. Attenuation due to ice clouds
is beyond the scope of this work and is fruitful ground for future research. Beginning with
identifying cloudy conditions in January 2018 used the pre-described conditions. A
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suitable cloudy day was found to be on January 7th 2018, with the conditions shown in
Figure 37 and the received power values shown in Figure 38.

Figure 37: Observed cloudy conditions on January 7th at 14:38 GMT

Figure 38: The received power at the WTLE Rx as compared to the predicted received power with the addition of the attenuation
predicted by the Salonen model.

A curious phenomena is observed on January 7th 2018, the Decker model with a density
𝑔
of 1 ⁄𝑚3 predicts the attenuation introduced by the clouds better than the Salonen or the
𝑔
Decker model with a density of 0.5 ⁄𝑚3 . This improvement in prediction by using the
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higher density value shown in Figure 39, is unusual. With the under performance of the
𝑔
0.5 ⁄𝑚3 Decker model and the Salonen model most likely resulting to the fact that the
ambient temperature at the transmitter site was well below 0° C meaning the majority of
the water within the cloud formation was ice and not liquid water. Solid water droplets
suspended within clouds exhibit different properties compared to liquid water droplets and
thus attenuate differently. This study focuses primarily on clouds with a majority of liquid
water as compared to ice as their main constituent.

Figure 39: Decker model, with the three varying densities shown.

In order to validate these models for the environment of the WTLE’s path, multiple time
ranges where cloudy conditions are present and the temperature at the transmitter site is
above the glaciation temperature are examined. Running these models with data
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collected from the WTLE link between January 2018 to June 2018, the following results
were obtained for expected attenuation vs received power for the following time periods.

Figure 40: Link conditions on February 19th 2018

Figure 41: The expected attenuation predicted by the models compared to the recorded attenuation value for 2/19/18, the Decker
model more accurately estimates the attenuation compared to the Salonen but overestimates around 14:00.
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Figure 42: Link conditions on March 11th 2018

Figure 43: The expected attenuation predicted by the models compared to the recorded attenuation value for 3/11/18, The Decker
model estimates the attenuation fairly well with the error in predictions being attributable to slight precipitation along the path.
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Figure 44: Link conditions on March 27th and 28th 2018

Figure 45: The expected attenuation predicted by the models compared to the recorded attenuation value for 3/28/18, The models
over predict around 11:00, this is due to the fact that the RH is very high at the measurement sight but the cloud has been blow
out of the path.
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Figure 46: Link conditions on May 3rd 2018

Figure 47: The expected attenuation predicted by the models compared to the recorded attenuation value for 5/03/18
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Figure 48: Link conditions on May 21st 2018

Figure 49: The expected attenuation predicted by the models compared to the recorded attenuation value for 5/21/18, Coming
off acutely high precipitation for a few moments, the air around the Tx site remains very humid, leading to the models over
estimating the attenuation on May 22 at 12:00.
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Figure 50: Link conditions on June 17th 2018

Figure 51: The expected attenuation predicted by the models compared to the recorded attenuation value for 6/17/18, from 00:00
hours on ward the models predict the attenuation fairly accurately with slight overestimation.
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Chapter 6: Conclusions & Future Work

The proposed analysis of propagation data acquired through the WTLE, has led to a
verification of the ITU atmospheric attenuation models for V-band systems, the gaseous
absorption and attenuation due to clouds models. Additionally, the effectiveness of the
Decker LWC, Salonen LWC and Mattioli LWC predictions models were tested and
compared. The proposed LWC prediction from the described models yielded attenuation
results that were well matched with the recorded power values at the WTLE receiver with
minimal error for cloudy conditions in which the clouds were primarily composed of liquid
water and the clouds exist in a relatively homogeneous layer around throughout the
WTLE path.
Verification of the gaseous and cloud attenuation models for a 72 GHz terrestrial link,
provides a significant advancement in the ability to predict attenuation of W/V-band
propagations through the atmosphere. This first step will allow further development into
W/V-band communication systems, by allowing engineers to predict through readily
available models an honest estimate of the attenuation ever present gaseous attenuation
and cloud events will imbue on their links. The ITU gaseous absorption model is a fairly
accurate model, that for clear weather conditions accurately predicts attenuations
introduced to 72 GHz propagations by oxygen and water vapor. The average error across
2018 and the first half of 2019 for clear weather conditions is ~2.4 dB. With such a low
error the gaseous absorption model is an impressive solution for designers seeking to
determine a reference attenuation value for any terrestrial ink operating in the W & V
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bands or whenever building a link budget for a W/V band system operating in an area
with little meteorological phenomena. This error value was achieved with linear
approximations for the variations in RH. With more accurate humidity profiles through a
link, this error can be further minimized.
When it comes to the attenuation due to clouds the models explored in this work, perform
with varying degrees of validity. The Mattioli modification to the Salonen model performed
the most poorly when applied to this link. This model’s critical humidity function, expected
humidity values far to high as what was observed for the alpine high desert clouds present
on Sandia peak. This was a direct result of the function’s dependence on the ratio of
pressure at the ground vs the pressure of the path’s spatial location. For the mountainous
topography present for the upper third of the WTLE link, the path is relatively close to the
ground level. The clouds that this work sought to explore form within this region of the
link. This lead to underestimation in LWC and resulting poor attenuation estimation. The
original Salonen model suffers from similar impediments due to the close proximity of the
path and the ground level, but due to its predicting coefficients displayed in table 7. The
Salonen model provides far more accurate results the further down the link the cloud is
analyzed but still underestimates the attenuation. The final model analyzed in this work,
the Decker model, provides much closer approximation to the perceived attenuation value
but still exhibits error. This model due to its static prediction criteria avoids the near ground
path limitation that the Salonen and Mattioli models suffer from.
In conclusion, it is the recommendation of this work that for links operating near 72GHz
in alpine terrain that are interested in modelling worst case scenario attenuation due to
clouds, that the Decker model be deployed. Due to its simplicity and relatively accurate
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predictions. A close second would be the Salonen model, if there exists an acceptable
separation between the ground level and the propagating path.

Future works include further refinement of the cloud attenuation model to include the
effects suspended ice crystals within clouds have on millimeter wave propagations, and
the achievement of more accurate LWC calculations. The predictions made within this
work utilize a linear interpolation of temperature, pressure, and relative humidity along the
changing elevations of the WTLE link. These assumptions based on the standard
atmosphere [12], may not be accurate when a cloud is present along the link. With the
temperature and pressure remaining fairly close to this estimation, but the relative
humidity varying greatly from this approximation. The swaying in humidity across the
different layers of the atmosphere and differing spatial locations, makes predicting its
variations across the WTLE path near impossible without the linear assumption. It is this
assumption that contributed the most error to the predictions presented.
To further refine the models employed in this work and to overcome the draw backs of
the linear approximation of RH variation, the use of profiling radiometers to properly
characterize the RH profile across the entirety of the link, along with the exact temperature
and pressure variation within a localized area. Will allow for the development of new
models that can accurately predict the LWC and attenuation clouds introduce to W/V band
signals.
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A further area of interest is the effect that air bound ice crystals and snow imbue on
millimeter waves. The effects of either of these phenomena have been largely unexplored
and require experimental validation at these frequencies.

The Effects the earth’s atmosphere has on propagating electromagnetic waves is a vast
subject of research. As we push the limits of the RF spectrum being used, more and more
research will need to be conducted in order to properly characterize the effects the
constituent components of the atmosphere will have on these waves. The goal of this
work was to familiarize the reader with the theoretical interactions occurring between
millimeter waves and airborne gases and suspended liquid water, and to present
experimental verification of these theories from the one of a kind WTLE experiment. The
results shown are meant to be interpreted as a worst case scenario approximation of the
amount of attenuation to expect whenever a cloud is present between two W/V band
antennas. These results will serve as a launch pad for future work into understanding the
effects weather conditions will have on links operating within this range.
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Appendices
Appendix I: Useful Mathematical Formula and Conversions
The dB (decibel scale): converting from power level in dB to power level in Watts, is
defined through the following conversion formula [6].
𝑝(𝑑𝐵) = 10 𝑙𝑜𝑔10(𝑝(𝑊𝑎𝑡𝑡𝑠))
This conversion is very usefully when dealing with propagation experiments due to the
fact of how small the power levels are that a receiving antenna views. For example a -30
dBm value is equivalent to a 0.001 mW and -70 dBm is equivalent to 0.0000001 mW.
Maxwell’s equations are the foundation of electromagnetics and form the basis for all
interactions between electric and magnetic fields and various media [6].
̅=𝜌
𝛻⋅𝐷

𝛻 × 𝐸̅ = −

𝜕𝐵̅
𝜕𝑡

𝛻 ⋅ 𝐵̅ = 0
̅
𝜕𝐷
+ 𝐽̅
𝜕𝑡
Maxwell’s equation are used to model the interactions of propagating waves with
̅=
𝛻×𝐻

dielectrics such as the water droplets present in clouds.
Appendix II: W & V band designations by ITU and Governmental Organizations
The frequency band 30 GHz to 300 GHz is referred to as EHF, or extremely high
frequency. Designations by letters tend to vary from one designator system or user group
to another. [NTIA 2015, 6.2]
The US IEEE-designated V band spans 40-75 GHz. The US IEEE-designated W band
spans 75-110 GHz.
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The European Union and NATO frequency designation M band spans 60-100 GHz.
The ITU Table of Frequency Allocations is that table contained in Article 5 of the ITU
Radio Regulations, 2012 Edition. [NTIA 2015, 4.1.1] Tables below span 59-86 GHz. The
National Table of Frequency Allocations is comprised of federal and non-federal Tables
of Frequency Allocations. The National Table indicates the normal national frequency
allocation planning and the degree of conformity with the ITU Table. When required in the
national interest and consistent with national rights, as well as obligations undertaken by
the United States to other countries that may be affected, additional uses of frequencies
in any band may be authorized to meet service needs other than those provided for in the
National Table. Where in this Table a band is indicated as allocated to more than one
service, such services are listed in the following order: (a) services, the names of which
are printed in all capital letters (example: FIXED); these services are called “primary”
services; (b) services, the names of which are printed in “normal characters” (example:
Mobile); these are “secondary” services. Where the allocated service is followed by a
function in parentheses, e.g., SPACE (space-to-Earth), the allocation is limited to the
function shown. Column 3 contains such remarks as serve to amplify the federal and nonfederal allocation or point out understanding between the FCC and NTIA in respect
thereof. Table A shows that 71-76 GHz has been allocated for fixed satellite downlinks
and 71-74 GHz for mobile satellite downlinks. Table B shows that 81-86 GHz has been
allocated for fixed satellite uplinks and 81-84 GHz for mobile satellite uplinks.
Footnote 5.561 states that, in the band 74-76 GHz, stations in the fixed, mobile, and
broadcasting services shall not cause harmful interference to stations of the fixed-satellite
service or stations of the broadcasting-satellite service operating in accordance with the
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decisions of the appropriate frequency assignment planning conference for the
broadcasting-satellite service.
Footnote 5.561A states that the 81-81.5 GHz band is also allocated to the amateur and
amateur-satellite services on a secondary basis.
Footnote 5.561B states that in Japan, use of the band 84-86 GHz by the fixed-satellite
service (Earth-to-space) is limited to feeder links in the broadcasting-satellite service
using the geostationary-satellite orbit.
Additionally, footnote 5.340 indicates that emissions are prohibited in the 86-92 GHz
frequency band.
Footnote US161 states that, in the bands 81-86 GHz, 92-94 GHz, and 94.1-95 GHz,
assignments to allocated services shall be coordinated with radio astronomy
observatories.
Footnote US389 states that, in the bands 71-76 GHz and 81-86 GHz, stations in the fixed,
mobile, and broadcasting services shall not cause harmful interference to, nor claim
protection from, Federal stations in the fixed-satellite service at any of the cited military
installations.
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Table A. National Table of Frequency Allocations (59-76 GHz)

95

Table B. National Table of Frequency Allocations (76-86 GHz)
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